The self-incompatibility system of flowering plants is a classic example of extreme allelic polymorphism maintained by frequency-dependent selection. We used primers designed from three published Antirrhinum hispanicum Sallele sequences in PCR reactions with genomic DNA of plants sampled from natural populations of Antirrhinum and Misopates species. Not surprisingly, given the polymorphism of S-alleles, only a minority of individuals yielded PCR products of the expected size. These yielded 35 genomic sequences, of nine different sequence types of which eight are highly similar to the A. hispanicum S-allele sequences, and one to a very similar unpublished Antirrhinum S-like
Introduction
Self-incompatibility (SI) is a genetic mechanism in flowering plants that prevents self-fertilisation, by enabling the pistil to reject pollen from genetically related individuals, and is controlled by multi-allelic the S-loci (de Nettancourt, 1977) . In gametophytic self-incompatibility systems that have a single S-locus, identity of the allele occurring in a pollen grain with either of the alleles in a recipient pistil is sufficient to prevent fertilisation. Molecular studies of the pistil incompatibility locus in three plant families, Solanaceae, Rosaceae and Scrophulariaceae, have shown that the pistil S-proteins are members of a class of extracellular basic glycoproteins with ribonuclease activity, the S-RNases (reviewed by McCubbin, 1996, 1997; Sassa et al, 1996; Xue et al, 1996) .
Other genes with similar structure to S-RNases, but not linked to the S-locus (the 'S-like RNases'), exist in various plant families including the Solanaceae (Jost et al, 1991; Lö ffler et al, 1993; Kuroda et al, 1994; Dodds et al, 1996; Lers et al, 1998) and Rosaceae (Norioka et al, 1996; Ma and Oliveira, 2000) . Recently, two putative S-like RNase RNase sequence. The sequence types are well separated from the S-RNase sequences from Solanaceae and Rosaceae, and also from most known 'S-like' RNase sequences (which encode proteins not involved in self-incompatibility). An association with incompatibility types has so far been established for only one of the putative S-alleles, but we describe evidence that the other sequences are also Salleles. Variability in these sequences follows the pattern of conserved and hypervariable regions seen in other SRNases, but no regions have higher replacement than silent diversity, unlike the results in some other species. Heredity (2002) 88, 172-181. DOI: 10.1038/sj/hdy/6800024 sequences have been obtained from Antirrhinum mollissimum (YB Xue, unpublished; GenBank accession numbers AJ315591 and AJ315592). The S-like RNases, are believed not to be involved in self-incompatibility, but to function in other processes involving RNA turnover (Lö ffler et al, 1993; Bariola et al, 1994; Lers et al, 1998; Ye and Droste, 1996; Gausing, 2000) . Figure 1 shows a schematic diagram of the known features of S-RNases and similar sequences. Information on S-alleles in the Scrophulariaceae is currently based on only three cDNA sequences from Antirrhinum hispanicum (Xue et al, 1996) . Genetic evidence showed linkage to the S-locus and the sequences were shown to be specifically expressed in styles, with transcript levels that peak at anthesis (Xue et al, 1996) . These three sequences contain four short highly conserved regions and two hypervariable regions, HVa and HVb (Xue et al, 1996) . Four of the conserved regions (C1, C2, C3 and C5 in Figure 1 ) are in similar positions to those previously noted in the SRNases of Solanaceae (Kao and McCubbin, 1996) and Rosaceae (Norioka et al, 1996; Sassa et al, 1996; Ushijima et al, 1998) . C2 and C3 are also recognised in the RNases of the fungus Rhizopus niveus (Green, 1994) , and two of the three histidine residues required for catalytic activity are in these regions (Ohgi et al, 1992 ; see also Figure 3 ). The two HV regions are also found in S-RNases of Solanaceae, but only HVa is recognised in the S-RNases so far studied in the Rosaceae (Norioka et al, 1996; Sassa et al, 1996; Ushijima et al, 1998) . The HV regions are the most hydrophilic regions of the S-proteins (Kao and McCubbin, 1996; Broothaerts et al, 1995; Xue et al, 1996) , and may be on the external surface of the protein. Given their high degree of variability, they are candidates for the regions determining S-allele specificity. Alternatively, they could merely be tolerant to sequence variation (Zurek et al, 1997) .
Two different types of molecular experiments have been used to test the importance of the hypervariable regions in determining specificity. Swapping entire regions between very different S-alleles led to the conclusion that in Petunia inflata and Nicotiana alata (both members of the Solanaceae) the S-RNase recognition function is not localised to a specific domain in any of the alleles studied (Kao and McCubbin, 1997; Zurek et al, 1997) , but the HV regions control specificity differences between some S-alleles. Replacing just the hypervariable region of one S. chacoense S-allele with that a different allele (with four amino acid differences in this region and six elsewhere in the protein) changed the pistil incompatibility reaction to that of the allele from which the introduced sequence was taken (Matton et al, 1997) . Exchanging a single amino acid in the HVa region of one S. chacoense S-allele with that of a different allele produces a new, dual-specificity S-allele, which simultaneously rejects pollen tubes with two different incompatibility types (Matton et al, 1999) .
Studying the frequencies of amino acid and silent changes in different regions of the gene may also help to identify regions that are important for specificity. In the highly polymorphic class I major-histocompatibility-complex (MHC) loci, non-synonymous nucleotide substitutions occur significantly more frequently than synonymous ones at sites in the binding cleft of the antigen recognition regions (Hughes et al, 1990) . Measuring nonsynonymous and synonymous substitutions between alleles as their per site values, K a and K s , the finding of K a /K s ratios greater than unity suggests the operation of balancing selection (Hughes et al, 1990 ). This does not, however, identify which individual amino acids are under balancing selection. S-alleles are maintained in natural populations for long time periods by balancing selection due to the frequency-dependent advantage of rare alleles (Wright, 1939) . Regions very closely linked to the target(s) of selection may thus accumulate sequence Heredity differences, and K a /K s ratios approaching unity may arise if selective constraints are low in these regions of the protein. In Solanum, however, K a /K s ratios exceed 1 in the HV regions of pairs of alleles that are similar in sequence, though the ratio declines at high K s (Richman et al, 1996, Richman and Kohn, 1999) . In the Rosaceae, K a /K s exceeds one in four putatively selected ('PS') regions of P. pyrifolia and Malus × domestica S-alleles, one of them spanning the HVa region (Ishimizu et al, 1998) . The PS1 region includes the HV region of Rosaceae, and PS1 and PS2 correspond to HVa and HVb in the S-RNases of Solanaceae.
In order to do similar analyses in the Scrophulariaceae, and test whether there is evidence that their HV regions behave as expected for the targets of selection, further alleles from natural populations must be studied. We here describe genomic sequences (including both HVa and HVb regions, C2 and C3, and an intron) of putative S-alleles from populations of the genera Antirrhinum and Misopates.
Materials and methods
Plant material and DNA extraction The plants studied were collected in the field in Portugal ( Ingram et al (1997) .
Crosses in A. graniticum
Two plants (graniticumB1-1 and graniticumB1-2) were grown in the glasshouse from seeds of one fruit of a wild A. graniticum individual (graniticumB1). Another wild plant (graniticumB4) in the same population was the maternal parent of three other plants (graniticumB4-1, graniticumB4-2, and graniticumB4-3). Four crosses were performed between these five plants (all of which were highly cross-compatible in both reciprocal crosses):
A total of 21 plants from seeds of these crosses were used in reciprocal cross-pollinations to determine their incompatibility groups. Each pollination was repeated at least three times. Unfortunately, details of the ancestry of the 21 individuals were not recorded.
PCR amplification and sequencing
Primers were designed based on the conserved regions in the cDNA sequences of the three A. hispanicum Salleles, S2, S4 and S5 (GenBank accession numbers X96465, X96466, and X96464 respectively). Two primers were designed for region C1: ants2s3F (position 108 and Heredity Table 1 Species and populations studied. All the populations were from localities in Portugal, and the details are in Vieira et al (1999) . The table also shows the results of PCR amplifications using the primers described in the Methods section. For each population, N is the number of plants tested, and the individuals that yielded products are listed, together with product sizes (in parentheses) and the names assigned to the sequence types. The sequence types are also shown in Figure 2 Species 112, relative to the start codon of the S2 and S5 cDNA sequences; 5′ AAATTGGTTCT(TC)CAATGG 3′) and ants4F (position 109 of the S4 sequence; 5′ AAGCTAGTTCTCCA ATGG 3′). Primer ants2s3R (position 560 of the S2 and S5 sequence; 5′AACCTTCA(CG)(CG)GCATTTCA 3′) and ants4R (position 560 of the S4 sequence; 5′ ATAACTTTG AGCACATTTCA 3′) were designed for the conserved motif LKC, which is just 5′ to region C5. Primers for the S4 sequences are specific for S4 sequences only, and no matching sequences are present in the S2 and S5 sequences. The other primers match sequences present in both S2 and S5 sequences, and may therefore be expected to amplify at least these two types of alleles, and perhaps others as well. Because of the size of the S4 genomic region analysed (see below), additional internal primers are required to sequence both strands, and additional primers were therefore designed. Sequences were obtained using the following primer pairs: ants4F with the additional primer ants4-1 (based on the sequences obtained here; 5′ GATTGCTCAGAACTTTTTAC 3′), and additional primer ants4-2 (designed for position 272 of the S4 cDNA sequence; 5′ TCTCTGCTCTATGTCTGTAT 3′) with ants4R. Standard amplification conditions were 35 cycles of denaturation at 94°C for 30 s, primer annealing at 49°C for 30 s, and primer extension at 72°C for 2 min.
To test for homogeneity of the PCR products, which could reveal that more than a single loci had been amplified, we digested with four 4 bp-cutting restriction enzymes (AciI; AluI, RsaI, and DdeI). When this revealed numbers and/or sizes of bands that are incompatible with that of the sequence from which the primers were designed, the product was cloned using the TA cloning kit (Invitrogen) and multiple colonies were screened until several of each type were found. At least three different colonies were then sequenced, to obtain a consensus sequence.
Both forward and reverse sequences were obtained, using an Applied Biosystems model 377 DNA sequencing system with the ABI PRISM BigDye cyclesequencing kit (Perkin Elmer), and specific primers or the primers for the M13 forward and reverse priming sites of the pCR2.1 vector. Almost all the sequences reported here were obtained by direct sequencing of PCR products, without cloning, as each primer set usually yielded only one sequence.
Analyses of sequences
The DNA sequences were deposited in GenBank (accession numbers AY013879-AY013914). The nucleotide sequences of the putative coding regions to be compared were aligned using ClustalX v. 1.64b (Thompson et al, 1997) , and minor manual adjustments were performed using SeqPup v. 0.6f. The numbers of synonymous and nonsynonynous differences between pairs of sequences were calculated using the DnaSP software (Rozas and Rozas, 1997) . Neighbour-joining trees were generated with MEGA version 1.01 (Kumar et al, 1994) .
Results

Analysis of A. graniticum crosses
The 21 A. graniticum plants tested fall into seven selfincompatibility groups (I-VII, Table 2 ). All groups were reciprocally cross-compatible with one another, except for 20 pollinations (out of 548, 3.6%; Table 2 ) between different groups that yielded no seeds, probably because of damage during handling of the flowers used in the pollinations. Within groups, all plants were cross- incompatible, with the exception of a total of three pollinations in groups II and V, in which more than 10 seeds were obtained; these are likely to be the result of contamination with pollen from other plants.
Genomic DNA of these 21 individuals was used in PCR amplifications using two different pairs of primers. The primer pair ants4F and ants4R did not amplify from any of these 21 plants. Primer pair ants2s3F and ants2s3R yielded a product about 360 bp long (smaller than the expected amplification product) in all 21 plants, probably a non-specific amplification product. In addition, a 658 bp amplification product was obtained with these primers from all individuals of groups II, III and IV, but not from any plants of any of the other groups. The presence of the 658 bp band is highly significantly associated with incompatibility groups, by a contingency test ( 2 = 21, with 7 df). Because the expected numbers in some cells are small, significance was tested by randomising the data, preserving the row and column totals. No 2 value as high as that observed for the actual data was observed in 10 000 randomisations.
The patterns of the 658-bp PCR product were identical in the eight individuals that amplified, with four different restriction enzymes, and this product was sequenced for one individual. The highest amino acid similarity by BlastX search is with the published A. hispanicum S5 sequence (58% amino acid identity). This product may therefore be a new functional Antirrhinum S-allele, which we shall denote S6. There is an insertion of 186 bp, between amino acids 50 and 51 in the S6 sequence, relative to the Antirrhinum S5 cDNA sequence (Figure 2) . This is probably an intron, and indeed the A. hispanicum S2-RNase genomic sequence (GenBank accession number AJ300474) has an intron in the same position, when compared with the cognate cDNA sequence.
At least one intron is expected, since the S-alleles of SRNases of Solanaceae and Rosaceae usually have a single intron (in the HVa region, from 87 bp to 120 bp, and 138 bp to 1100 bp, respectively, in sequences from these two families; Saba-El- Leil et al, 1994; Matton et al, 1995; Broothaerts et al, 1995) . Prunus (Rosaceae) S-RNases have at least two introns (in P. avium, one 5′ to the C1 region, and one in HVa; Tao et al, 1999) , and a sequence from P. dulcis (GenBank accession number AF157008) is similar (Figure 1 ). To determine consensus splice site sequences in A. majus, we examined 31 introns from eight A. majus nuclear genes (chs, X03710; TAP1, X57295; DEFA, X62810; fil2, X76995; far, J239057; squamosa, X63701; fil1, X57296; and globosa, X68831). In agreement with these other AntirHeredity rhinum genes, and with the A. hispanicum S2-RNase, the sequences deduced to be the intron/exon boundaries in our sequences all have 5′ GT. . . and AG 3′ sequences.
Distribution of putative S-alleles in plants sampled from natural populations
The primer pair ants2s3F and ants2s3R was also used in PCR amplifications of genomic DNA of four Antirrhinum and two Misopates species. From a total of 170 plants sampled in the wild, the 360 bp product mentioned above again amplified from plants of all different populations and species, but products of a size likely to represent Salleles amplified from only 30 individuals (Table 1) .
When the PCR products were digested with restriction enzymes, the amplification product of only one individual (molle4) was heterogeneous (Table 1 ). This individual's PCR amplification product was cloned. Digestion of 20 clones with restriction enzymes revealed only two types of clones (A has only one AciI restriction site, while B has two AciI sites and one RsaI site). Several clones of each type were sequenced. Clone type B is the same as the S6 sequences, except for a 1 bp indel in the putative intron region, and clone type A is a new S-RNase sequence, which was also found in two A. meonanthum, two A. molle and two A. graniticum plants (Table 1 and Figure 2) . Three of the sequences from A. graniticum (graniticumB4, graniticumB6 and graniticumB29) were identical to the S6 allele detected in the plants of A. graniticum incompatibility groups II, III, and VII classified by hand-pollinations. One sequence (graniticumB15), which is the most divergent from all other sequences obtained (Figure 2 ), had 99% identity to an unpublished putative S-like sequence recently obtained from Antirrhinum mollissimum (YB Xue, personal communication; GenBank accession number AJ315592). BlastX search of the remaining 26 sequences gave the highest amino acid similarity (63% to 99% amino acid identity) with the published Antirrhinum S2 or S5 allele sequences.
The same 170 individuals were tested with primer pair ants4F and ants4R. These amplified a PCR product in only four individuals, from two different Antirrhinum species (Table 1) . The four products are of similar size (1386 bp in graniticumB14 and 1389 bp in cirrhigerumGala9, cirrhigerumGala11, and cirrhigerumGala14). Digestion with restriction enzymes showed that all four amplification products are homogeneous. Sequences were obtained, and BlastX search showed 98% amino acid identity with the published S4 Antirrhinum sequence, Table 1 , and the lengths of the putative introns are shown in parentheses. The numbers by the nodes of the tree are bootstrap values greater than 68%.
as might be expected given that the primers used in these amplifications were designed based on the S4 sequence, and may be specific for this sequence.
In all these sequences, a putative intron was deduced by comparison with the S-allele cDNA sequences in GenBank. Its position is always between amino acids 50 and 51 (Figure 3 ), but its size varies from 132 to 956 bp (Figure 2) . The intron/exon boundaries are conserved and again agree with the deduced consensus splice sites of Antirrhinum nuclear genes. The putative intron sequences all contain several stop codons if they are translated in reading frame with the rest of the sequence, and Blast searches of these sequences reveals no similarity with any sequence in GenBank.
Variability of the Antirrhinum and Misopates putative Sallele coding sequences
The 33 Antirrhinum and two Misopates coding sequences now determined fall into nine different sequence groups, of which five (S6, A, B, C, and S4) were found as almost identical sequences in multiple individuals, including plants from different species (Figure 2) . Three unique sequences (the sequences in plants graniticumB27, meonanthum4, and graniticumB15) were also found, in addition to one S5, a sequence originally found in A. hispanicum; no sequence similar to S2 of A. hispanicum was present in our samples. Two individuals (molle4 and cirrhigerumGala9) had two different sequences and may be heterozygotes. Figure 2 shows the relationships among the coding sequences reported here together with the three published Antirrhinum S-allele cDNAs (Xue et al, 1996) . Between the different sequence groups, the introns differ greatly, and cannot be aligned between the different sequences, and K s values are too high to estimate accurately. The published S4 Antirrhinum sequence clusters with the graniticumB14 and three cirrhigerumGala sequences (group S4 in Figure 2) . The coding sequences of the S4 group differ at three nucleotide sites. Two differences (at positions 145 and 342) are fixed between our four sequences and the published S4 Antirrhinum sequence, and the third difference is between graniticumB14 and the S4 Antirrhinum sequence (position 323). The Antirrhinum S5 sequence clusters with the linkianum1 sequence, which differs from it by two positions in the coding region (positions 273 and 546).
Within each of the sequence groups, the coding regions have low variability, both within the species and between them, though our samples within species are small (Table 1 and Figure 2 ). Among the five sequences of the S6 group, from two different species, the only variant was a length difference of one nucleotide in the intron between the molleB sequence and the four from A. granticium. Five other sequence groups included at least two genomic sequences, so that the intron could be analysed. Diversity per intron site was low, and all intron variants, except for two among the three A. molle group A sequences, were between species. Only 92-95 silent coding region sites are available from all the groups sequenced, but there are about 340 non-synonymous sites. Silent site variability within groups was also low, even though the groups often include sequences from more than one species. Within three groups, there were no silent site variants (S6, mentioned above, plus the seven group A and five B sequences). All silent variants in other groups were differences between species, except for the two group C sequences from the self-compatible M. orontium population, which differ at many synonymous sites; one sequence is identical to the cirrhigerumGala9 sequence, also from a self-compatible population. For S5 (two sequences, from two different species), silent site divergence was 1.1% and there was also one amino acid replacement difference.
Amino acid replacement variants were also found within all other sequence groups except S6, also largely between species. No replacement variants were found among the three S4 group sequences from A. majus cirrhigerum, all from one self-compatible population of this subspecies, but the S4 sequences from other species had replacement differences (Figure 2 ). For three sequence groups (A, B and C), comparisons between and within species are available. Among group B, all replacement variants, like the non-synonymous ones, were between the two species in which this sequence type was found (Figure 2 ). There were also no non-synonymous variants among the five A. molle group C sequences, and in A. majus ssp. cirrhigerum the only difference was between two sequences from different populations. However, three non-synonymous variants were found between the two group C sequences from the M. orontium population, and one between the two A group sequences from the A. meonanthum population (though none was found among Heredity the six other A group sequences, from three species; Figure 2 ).
Comparison of the Antirrhinum and Misopates putative S-allele sequence with S-RNases of other plants
The sequences obtained here have features similar to those of other S-RNases, in the region analysed (Figure 3) . The regions that are conserved among the sequences reported here correspond to the portion of the C1 region that is included in our sequences, plus regions C2 and C3 of S-RNases from Solanaceae and Rosaceae. Two regions that are conserved in S-RNases of other plant families (regions C4 of Solanaceae, corresponding to amino acids 109 to 116 in Figure 3 , and RC4 of Rosaceae, corresponding to amino acids 114 to 126 in Figure 3) are not conserved in the three A. hispanicum cDNA sequences (Xue et al, 1996) nor in our sequences. A total of 32 amino acid residues are conserved among all sequences from species of Scrophulariaceae (17 outside the conserved regions; Figure 3 ). Five of these sites (5, 12, 39, 63, and 102) are also conserved in the S-RNase sequences from the Solanaceae and Rosaceae (Richman et al, 1997 , Ushijima et al, 1998 , four of them (amino acids 18, 103, 110, and 116) in sequences from the Solanaceae, and three (amino acids 64, 81 and 86) in sequences from the Rosaceae. Given the large amino acid divergence between the sequences, these are likely to be functionally important amino acids.
The Antirrhinum putative S-RNase sequence groups are very divergent from one another, with high K s values (0.90 ± 0.36) even for non-HV regions (Figure 4) . The HVa and HVb hypervariable regions observed in S-RNases from other plant families are, however, also the regions with most variability in the Antirrhinum and Misopates sequences (Figure 3 ). These regions include several insertion/deletion (indel) differences between the sequence groups, as well as many silent site differences (Figure 4) . They also have more amino acid replacements than non-HV regions, but not significantly so (K a values, and their standard deviations, for the two kinds of regions are estimated as 0.67 ± 0.25 for HV, vs 0.41 ± 0.16 for non-HV regions).
Discussion
Evidence that the sequences are S-alleles With the sequences reported here and the three found in A. hispanicum (Xue et al, 1996) , a total of 10 Scrophulariaceae potential S-RNase sequence types are now known. Before we can analyse these data and investigate questions of interest (see Introduction), we need to know whether the sequences represent S-alleles. All the sequences have the features and patterns of diversity typical of S-RNases (Figure 1) , including a single intron in the HVa region, and some of them are extremely similar to the Antirrhinum S4 and S5 alleles (Xue et al, 1996) , but this does not rule out the possibility that they are Slike RNases.
The S-like RNases from Solanaceae and Rosaceae have introns in similar positions to those in S-RNase sequences (Ma and Oliveira, 2000) . Some have a single intron in the region corresponding to HVa of S-RNases, as do most SRNases known from the species from which they were obtained. One cannot, therefore, distinguish between S- Ideally, to show that sequences are good candidates for S-alleles, there should be evidence of linkage to the Salleles segregating in families or populations. This is rarely available for natural populations, though data are starting to be obtained for species in the Solanaceae (Wang et al, 2001) . We found complete association between the presence of one putative S-allele sequence and incompatibility groups, in a set of plants from four related sibships. Although these data are not equivalent to a definitive test of linkage to the S-locus, they support the view that our sequences are not merely S-like paralogues.
Furthermore, the PCR primers tested here amplified similar sequences from different species, but from only a minority of individuals of any population (Table 1) . Such results are expected for the S-locus; bands are not obtained for every individual, even under low stringency conditions, because the sequences of different alleles are highly diverged (eg, Richman et al, 1996) . In contrast, PCR amplification experiments and Southern blot hybridisations using sequences of specific S-like RNase loci generally detect a band in every individual, since the sequences of given loci are conserved (Dodds et al, 1996; Norioka et al, 1996; Ma and Oliveira, 2000) .
Genealogical analyses of the RNases of Scrophulariaceae, Solanaceae and Rosaceae
The relationships between the S-allele sequences from Scrophulariaceae, Solanaceae and Rosaceae are shown in Figure 5 . The figure is based on amino acid differences between the most divergent S-allele lineages within each plant family (Richman et al, 1997) , plus the 14 known Slike RNase sequences from various species of Solanaceae and Rosaceae, some of which were not available for the previous analyses (Xue et al, 1996; Richman et al, 1997; Ushijima et al, 1998) . As was found previously, most of the Antirrhinum sequences determined so far (including the A. mollissimum putative S-like RNase sequence, AJ315592) cluster together as a sister group to S-allele sequences. S-like RNase sequences of Solanaceae and Rosaceae, however, mostly form a distinct cluster, which includes the A. mollissimum S-like RNase, AJ315591 ( Figure 5 ; the four exceptions, indicated by asterisks, are the A. mollissimum sequence, AJ315592, the Petunia inflata RNase X2 sequence and two sequences from N. alata). This suggests that most, but maybe not all, of the S-like RNase genes probably diverged before the most recent common ancestor of the taxa from which they were Figure 5 Neighbour-joining tree based on amino acid differences between S-allele lineages and S-like RNase sequences from various species of Solanaceae and Rosaceae, and the Antirrhinum and Misopates S-RNase sequences. The numbers by the nodes of the tree are bootstrap values greater than 68%.
Heredity sampled. The fact that sequences of putative S-RNases from the three different plant families form separate clusters suggests that the variability within the three families does not pre-date the families themselves. Thus, either self-incompatibility evolved independently in each of them, or else variants have been replaced by new ones that have arisen within the families.
Another source of evidence on whether our sequences are allelic variants at a single (S) locus, or could come from several loci (including S-like RNase genes) would be to test for linkage disequilibrium. Variants in highly polymorphic sequences pooled from non-allelic loci should be in linkage disequilibrium, whereas this is not expected for allelic variants with sufficient recombination (Awadalla and Charlesworth, 1999) . The presence of introns in S-RNase genes makes it difficult to do this test, however, because there are alignment problems due to indel variants. Moreover, even if a reliable alignment could be obtained, the distances between polymorphic sites would not be the same in different sequences. We have therefore not used this approach.
S-allele sequence evolution
In contrast to the results from species in the Solanaceae (Richman et al, 1996; Richman and Kohn, 1999) , K a /K s values are high, but do not exceed unity; the average K a /K s value over the sequence region analysed here (Figure 4 ) is 0.460 ± 0.083, or 0.534 ± 0.081 excluding the conserved regions C1, C2 and C3 (Figure 4 ). This remains true for just the region spanning amino acids 27 to 87 studied by Richman et al (1996) . This analysis therefore provides no compelling evidence for diversifying selection. Nevertheless, if they are allelic, the great sequence differences between them indicates that they must have been polymorphic for a long time, suggesting balancing selection acting on the locus. This is supported by the trans-specific polymorphism of these putative S-alleles, though hybridisation between species cannot be excluded. The absence of very high K a /K s values in the S-RNase sequences from Scrophulariaceae studied here could be due to a greater age of the S-alleles. In the sequences from Solanaceae, high K a /K s values were found only between alleles that are not highly diverged (Richman et al, 1996) , possibly because the existence of conserved sites places an upper limit on protein sequence divergence, but not silent site divergence (Tanaka and Nei, 1989) .
More detailed analysis of these sequences is not yet worthwhile, as the sequences of many alleles are probably not yet known, given the failure to amplify sequences from many individuals, and the fact that those from which putative S-alleles can be amplified rarely yielded two sequences. It is, however, interesting that there is no sign from the region of sequence analysed that the nine putative S-allele sequences from self-compatible populations (seven from the cirrhigerumGala population of A. majus, and two, both of sequence group C, from M. orontium) are pseudogenes. The intron splice sites are also conserved, and there are no interruptions of the open reading frame. It is unknown why these populations are self-compatible, and whether they have functional pistil incompatibility reactions. It is generally accepted that the genera Antirrhinum and Misopates are closely related, and analyses of other nuclear gene sequences support this (Vieira et al, 1999) . Thus, even if the S-alleles of these populations are non-functional due to mutations elsewhere in the gene, there has probably been little time for accumulation of further mutations.
There were, however, a number of amino acid replacement variants in the M. orontium sequences, and also between the Gala and Muel populations of A. majus ssp. cirrhigerum, unlike the situation for other sequence groups that could be compared within species (except for one such variant in A. meonanthum). The numbers of sequences available at present are not large, and more data would be valuable. These differences could be associated with the loss of incompatibility in these populations, but there is also no evidence at present, and selfcompatibility could well be due to mutations of other genes involved in incompatibility (Brieger, 1935; Tseng, 1938) . It will be interesting in the future to test this, and also whether the amino acid differences between the A group sequences within A. meonanthum are associated with the same or different SI types.
